In this study, conversion of seaweeds into hydrochars was investigated with the aim of obtaining a renewable energy feedstock. The seaweeds Fucus serratus and Alaria esculenta, and a mixture of seaweeds, mainly consisting of Cystoseria sp . and Laurencia sp . , were subjected to hydrothermal carbonization (HTC) in subcritical water at three different temperatures: 200, 225, and 250°C. Fuel characteristics and chemical properties of the derived hydrochars were determined using the standard fuel analysis and spectroscopic methods. The combustion behavior of seaweeds and hydrochars was examined via nonisothermal thermogravimetric analysis under air atmosphere. The seaweed-derived hydrochar yields were lower than those of the lignocellulosic-derived hydrochar yields in the literature. Hydrochars derived from Fucus serratus and Alaria esculenta became increasingly similar to lignite with higher process temperature.
Introduction
Depletion of fossil fuel resources that the world currently relies on requires the extensive production and utilization of sustainable and clean energy sources. One of these sources is biofuel, which is obtained from biomass. First-generation biofuels, bioethanol and biodiesel, obtained primarily from food crops, are currently the commercial bioenergy carriers of the world, but the global rise in food prices due to the intensive usage of food crops as feedstock for biofuel production fueled food vs. fuel debate and decreased the social acceptance of biofuels. This situation led to the development of second-generation biofuels produced from biomass resources that do not compete with agricultural food and feed production. Biofuels derived from marine biomass, particularly microalgae and seaweeds, have been considered to be a competitive alternative energy source which would eliminate the major drawbacks associated with firstgeneration biofuels by their ability to grow rapidly in water and avoiding the use of land. Macroalgae or * Correspondence: ismail.cem.kantarli@ege.edu.tr This work is licensed under a Creative Commons Attribution 4.0 International License.
"seaweed" refers to macroscopic, multicellular, marine algae. They are plants that can grow in marine and fresh waters, achieving sizes up to 60 m. Their chemical composition is significantly different from that of terrestrial plants. They possess mainly carbohydrate structures in varying forms such as mannitol, laminarin, fucoidan, and alginic acid instead of lignocellulose.
2 Certain species of macroalgae are ideal candidates for the production of bioethanol as carbohydrates from macroalgae can be extracted to produce fermentable sugars. 3 On the other hand, microalgae are potential candidates for biodiesel production since they possess mainly lipids. 4 Former studies in the literature reported the conversion of seaweeds into energy through biochemical routes such as fermentation to produce bioethanol and anaerobic digestion to produce gas. 5, 6 On the other hand, recent studies on conversion of seaweeds into energy have also focused on thermochemical routes 7 such as combustion, pyrolysis, gasification, and hydrothermal conversion. For application of combustion, pyrolysis, or gasification, the high amounts of water and inorganics present in seaweeds are the major drawbacks since energy-consuming drying of seaweed is needed and slagging, fouling, and corrosion may occur during combustion and gasification due to the high amount of inorganic content.
2
Hydrothermal conversion can eliminate these drawbacks since it does not need the drying of biomass before the process 8 and the water-soluble inorganics are removed during the process. 9 In the case of applying hydrothermal conversion to biomass in aqueous medium in the temperature range between 160 and 250°C and at corresponding autogenic pressures up to approximately 2 MPa in a closed vessel, the process is named as hydrothermal carbonization (HTC). A carbon-rich solid product, named hydrochar, is obtained as the main product of HTC.
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In recent years, several authors have carried out HTC studies with a variety of biomass such as woody biomass, 11 Laminaria hyperborea at the same temperatures in another study. 24 They calculated predictive slagging and fouling indices of seaweeds and hydrochars in order to understand the influence of the ash chemistry on their combustion behavior. They observed a significant removal of the alkali metals, K and Na, and chlorine by HTC which would reduce the slagging and fouling during combustion of hydrochar.
The main objective of this study was to produce hydrochars by HTC of several seaweed species and to investigate the variation of the fuel characteristics, chemical properties, and combustion behavior of hydrochars with process temperature using different analytical methods including elemental analysis, Fourier transform infrared (FTIR) spectroscopy, and thermogravimetric analysis (TGA). In addition, slagging and fouling indices of hydrochars were calculated in order to predict combustion-related problems.
Three types of seaweed-origin feedstock were tested in the HTC experiments of this study. One of them was Fucus serratus, which is a species olive-brown in color and found along the Atlantic coast of Europe and Northeast America. The other one was Alaria esculenta, which is brown in color and found along the coasts of the far North Atlantic Ocean. The third type was a mixture of seaweeds, mainly consisting of Cystoseria sp. and Laurencia sp. found along the Black Sea coast. Seaweed species will be denoted as FS, AE, and BS for Fucus serratus, Alaria esculenta, and mixed species Cystoseria sp. and Laurencia sp., respectively.
Results and discussion

Feedstock characteristics
Some properties of seaweeds used as feedstock in this study are presented in Table 1 . Metal content of seaweeds determined by X-ray fluorescence spectroscopy were given in Table 2 as their respective oxides. As expected, seaweeds have high ash content, similar to other seaweeds reported in the literature. 7 The high chlorine (2.8-2.9 wt.%) and alkaline content (Ca, K, Mg, and Na) of seaweeds (Table 2 ) presents the potential of slagging and fouling during their combustion. The ultimate analysis shows that seaweeds had C and H contents lower than those of lignocellulosic biomasses in the literature. 21, 25 Besides, seaweeds had higher N content (attributed to protein content) than lignocellulosic biomasses in the literature.
Hydrochar production
Hydrochar production was carried out at different temperatures (200-250°C) with a seaweed/water ratio of 25% by weight for a reaction time of 30 min under autogenic pressure. The seaweed/water ratio was selected based on the original water content of seaweeds. The reaction time was optimized based on the preliminary experiments. The variations in hydrochar yields with temperature are shown in Figure 1 . Hydrochar samples were defined as following the "Seaweed species-Temperature" sequence (e.g., AE-250 corresponds to hydrochar obtained from HTC of Alaria esculenta at 250°C). A slight decrease in hydrochar yields with increasing of temperature was observed for all seaweed species. Temperature did not have much effect on the hydrochar yield in the range of 200-250°C, which might be attributed to the high Ca content in seaweeds as suggested by Smith et al. 23 They suggested the possible role of calcium and magnesium present in the process waters in the formation of the char during HTC of macroalgae by nucleating alginate hydrolysis fragments and forming nuclei for growth of char, based on the study by Chen et al. 26 on HTC of an alginate. Smith et al. supported this theory by the metal analysis of the hydrochars, which showed the increase of calcium and magnesium content and absence of potassium and sodium content within the hydrochars in comparison with seaweeds. The effect of temperature on hydrochar yield was more significant in HTC of lignocellulosic biomass given in the literature. For example, the hydrochar yields ranged between 60% and 65% at low temperature HTC (200°C) and between 45% and 53% at high temperature HTC (250°C) for grape pomace, coconut fiber, and eucalyptus leaves. 25, 27 It must be noted that similar hydrochar yields were reported for seaweeds in the study by Smith et al. 
Fuel characteristics of hydrochars
Proximate, elemental, and energy analysis results of seaweed-derived hydrochars are presented in Table 3 . Hydrochars had lower ash contents in comparison to feedstocks, which was due to the solubility of inorganics at subcritical water conditions. 25 Hydrochars derived from AE and BS had lower ash content by 18%-34% and by 21.7%-45.4%, respectively, than that derived from raw seaweeds. An extreme decrease in ash content was observed in the case of FS. FS-derived hydrochars had lower ash content by 85%-92% than that derived from raw FS, indicating high water solubility of inorganics in FS. Volatile matter contents of the resulting hydrochars were lower than those of seaweeds indicating the improvement of the carbon stability by HTC. Volatile matter content of the FS-derived hydrochars did not change with HTC temperature. On the other hand, volatile matter content of hydrochars derived from AE and BS decreased with increasing temperature indicating the further improvement of carbon stability in hydrochars. Hydrochars had higher carbon content in comparison with raw seaweeds, as expected. In the temperature range studied, carbon content of hydrochar did not significantly change (except FS). This result suggests that the majority of carbonization occurs at around 200°C. Figure 2 represents the carbon distribution among the products during HTC. Carbon in gas product was determined by difference. HTC of seaweeds resulted in the 40%-50% of initial carbon remaining in the resulting hydrochar. With increasing temperature from 200°C to 250°C, the carbon content of the aqueous-phase slightly decreased while the carbon in the gas (mainly CO 2 , data not shown) increased slightly ( Figure 2 ), which could be due to the further degradation of organics in aqueous phase into gaseous compounds with the increase of temperature reported earlier.
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Van Krevelen diagram of hydrochars was drawn in order to assess the variation in the elemental composition of the materials (from seaweed to hydrochar) and also to get information on the reaction pathways ( Figure   3 ). The evolution of the atomic O/C and H/C ratios is helpful in understanding the degree of deoxygenation of biomass by decarboxylation and/or by dehydration. 28 For comparison, typical ranges for anthracite, bituminous coal, and lignite are also shown in the diagram. The HTC process is a complex series of reactions including hydrolysis, dehydration, decarboxylation, demethanation, polymerization, and aromatization, simultaneously. 29 During HTC of all seaweeds, decarboxylation and dehydration reactions occurred simultaneously at all temperatures yielding hydrochars with lower O/C and H/C atomic ratios in comparison with seaweeds, which makes them more preferable as a fuel due to the decreased smoke, water vapor, and energy losses during their combustion. 26 The hydrochars derived from FS and AE at 225 and 250°C with even lower O/C and H/C atomic ratios were found to be in the range of lignite and are expected to show better fuel characteristics. On the other hand, the hydrochars derived from BS at all temperatures were out of the range of lignite, and more similar to peat.
The variation in calorific value of hydrochars with temperature appears to be a result of the variation in their O/C ratios rather than the variation in their ash contents. Thus, in case of BS, calorific value and energy densification value (the ratio of HHV of product to HHV of raw seaweed) of hydrochar decreased with the increase of temperature from 225 to 250°C as a result of increase in O/C ratio, even though ash content slightly decreased. In case of AE and FS, calorific values and hence energy densification values of hydrochars increased with temperature as a result of decrease in O/C ratio, although the ash content increased. Due to higher carbon content and substantially reduced ash content, the FS-derived hydrochars had the highest calorific value and resembled high quality lignite more than others. The calorific values of hydrochars, especially FS-derived hydrochars, are comparable to those of hydrochars produced from seaweeds and even lignocellulosic biomass reported in the literature.
22,23,30
Energy yield is a practical consideration for conversion of biomass into hydrochar or biochar. 31 It shows energy efficiency of the process and was calculated by multiplying the hydrochar mass yield by the energy densification ratio. For all seaweed types, energy yield of hydrochars decreased by the increase of temperature from 225 to 250°C due to the decreased hydrochar yield for FS and AE and due to the decreased energy densification and hydrochar yield for BS. Since lower amount of carbon in feedstock was retained in respective hydrochars during HTC of AE in comparison with those of other seaweeds, AE-derived hydrochars had the lowest energy yield.
FTIR spectra of hydrochars
FTIR spectra of seaweeds and their resulting hydrochars were taken in order to understand the changes in the chemical structure of the seaweeds during the HTC depending on the temperature. The FTIR spectra corresponding to seaweeds and hydrochar samples are given in the Supplementary Information (Figures S1-S3 ). Based on the weakening of the intensity of band at 1050-1000 cm −1 assigned to C-O stretching of carbohydrates 32 after HTC, it can be concluded that the decomposition of carbohydrates was almost completed during HTC at highest temperature for FS. On the other hand, carbohydrates did not decompose effectively during HTC of AE and BS.
Thermal degradation behavior of seaweeds and their hydrochars under inert atmosphere
TGA of the seaweeds and hydrochars was performed to understand their pyrolytic behavior and thermal resistance (stability). Figures 4-6 show the TG/DTG profiles of seaweeds and hydrochars. It was inferred from the DTG curves of seaweeds that there is one main degradation stage (Figures 4-6 ).
The peaks below 150°C indicated the loss of the cellular and external water. The peak observed at temperatures around 600°C indicates the decomposition of alkali carbonates. The main degradation stage included the main pyrolytic decomposition occurring over a temperature range of 150-390°C, which is considerably lower than that of lignocellulosic biomass. In contrast to lignocellulosic biomass, seaweeds are mainly composed of carbohydrates and proteins, besides minerals. The previous study regarding the TGA experiments with different seaweed species showed that the decomposition of carbohydrate occurred at temperatures between 180 and 270°C while the proteins decomposed at temperatures between 320 and 450°C.
2 Based on this finding, we can say that the temperature ranges of thermal degradation of proteins and carbohydrates have overlapped in our case.
The thermal degradation behavior of seaweeds changed remarkably after HTC. DTG peak temperatures shifted to higher temperatures after HTC (Figures 4-6 ). This means that during HTC, even at 200°C, all biomass was converted into a char-like product. The broad peak centered around 350°C was attributed to the degradation of char structure. These results are in accord with the elemental analysis findings, which show that carbon and nitrogen contents increased and oxygen content decreased after HTC.
Differently, for hydrochar obtained from FS at 250°C, a peak at around 255°C appeared which might be attributed to the degradation of oligomeric repolymerization products formed upon hydrothermal degradation at higher temperatures. 25 It is noteworthy that the rate of the weight loss of hydrochars obtained at 250°C was smaller than those of other hydrochars and seaweeds, suggesting that thermal stability of hydrochars is enhanced by increasing HTC temperature. This phenomenon is in line with the results shown in previous HTC studies carried out with lignocellulosic biomass.
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Combustion behavior of seaweeds and hydrochars
The aim of hydrochar production was to convert the seaweeds into a solid fuel, which would be a more appropriate feedstock in processes like combustion. 25 The main technical difficulties in combustion of biomass in boilers or power plants include higher grinding energy requirements due to poor grindability, flame instabilities due to low energy density, and difficulties in feeding biomass into combustors due to low flowability and fluidization properties.
36 TGA/DTG is known to be an effective way to analyze combustion behavior of solid fuels as stated by Toptas et al. 37 Therefore, the combustion behaviors of seaweeds and the hydrochars were investigated by thermogravimetry.
Combustion profiles of seaweeds and hydrochars are given in Figure 7 and Supplementary Information ( Figure S4 ). In the case of raw seaweeds, the combustion processes consisted of two main stages. The first stage included formation of volatiles and their oxidation along char formation. The second stage included the oxidation of char that remained after the volatiles. The combustion profiles of seaweeds were similar to those of Gracilaria cacalia, Enteromorpha clathrate, and Laminaria japonica given in the literature. In the case of hydrochars, only one main DTG peak between 235 and 385°C was observed for the BSderived hydrochar; the first and second stage overlapped. However, two peaks in combustion DTG profile of the FS-derived and AE-derived hydrochars were observed. In comparison with seaweeds, first peaks moved towards higher temperatures attributing to low volatile matter in hydrochar. However, second peaks moved towards lower temperatures. This shows that char oxidation occurred easily and faster with the increase in the fixed carbon amount and homogeneity of fuel. 37 It can be stated that the fixed carbon combustion was dominant in combustion of hydrochar, while volatilization and gas-phase combustion were dominant 39 in combustion of seaweeds, which have higher volatile matter/fixed carbon ratio.
The characteristic parameters for combustion are given in Table 4 . The ignition temperature was derived from the temperature where the DTG had its maximum value and the corresponding slope to the intersection with respect to the TG profile.
18 Burnout temperature was taken as the temperature where the rate of weight loss became less than 1 wt.%/min. 25 The combustion reactivity was considered to be directly proportional to the maximum combustion rate and inversely proportional to the corresponding peak temperature as stated by Miranda et al. 40 and calculated by the following equation:
Values, which are representatives of an average reactivity (Rm), are also given in Table 4 . The ignition temperature depends on how early the volatiles are released and how quickly the heat is released by combustion of volatiles as stated by Vamvuka et al. 41 Therefore, the ignition temperatures of hydrochars are higher than that of raw biomasses mainly due to the reduced content of volatiles in hydrochars and less amount of energy released by them. Peak temperatures of hydrochars in the first stage are also higher than that of raw seaweeds. A higher peak temperature may be advantageous in avoiding potential fire hazard and minimizing explosion risk in the case of using hydrochars as solid fuel as stated by Cai et al. 42 Comparison of hydrochars with seaweed revealed that HTC process lowered the burnout temperature. Therefore, hydrochars are easier to burn due to the reduced residence time or lowered temperatures to achieve complete combustion. The higher weight loss rate of char oxidation stage for hydrochars than that for seaweeds showed that HTC converted seaweeds to hydrochars which had higher reactivity as seen in Table 4 . Hydrochars have also higher average reactivity (R m ) and hence better combustibility than seaweeds.
Combustion kinetics
The chemical kinetics of biomass combustion is very informative for combustion systems' design and optimization as stated by Toptas et al. 37 An integral method using dynamic analysis of the nonisothermal TGA data was utilized in order to analyze combustion kinetics of seaweeds and hydrochars. In the literature, combustion reactions are mostly assumed to be first-order chemical reactions (O 1 model) for simplification of the kinetic calculations. 37, 43 However, combustion process is more complicated; it includes solid-gas phase and gas phase are employed to provide a description of the combustion reactions of seaweeds and hydrochars. 43 As described by Park et al., the form of g( α) that gives a straight line with the highest correlation coefficient was selected as the function of the model that best represents the kinetics of mass loss for each separate reaction.
44
The values of E and lnA obtained from the plots of ln[g( α) /T 2 ] against 1/T that gave the highest correlation coefficient values for all the samples are presented in Table 5 . As seen from Table 5 , model O 3 presented the highest correlation coefficients for all seaweeds in both devolatilization and char combustion stages, indicating that the chemical third-order reaction is the most effective mechanism in combustion of raw seaweeds. For the BS-derived hydrochars, the main stage (overlapping devolatilization and char combustion stages) followed the third order chemical reaction mechanism. Activation energy of the main stage for the FSderived hydrochars decreased with the increase of HTC temperature, which means combustion of char became easier as the HTC temperature increased. For the AE-derived and FS-derived hydrochars, devolatilization stage followed the three-way transport diffusion mechanism. The char combustion stage also followed the three-way transport diffusion mechanism for the AE-derived hydrochars, while it followed one-way transport diffusion mechanism for the FS-derived hydrochars. Activation energy of first stage remained in the range of 133-147 kJ mol −1 for the AE-derived hydrochars and in the range of 115-120 kJ mol −1 for the FS-derived hydrochars, which were higher than that of the raw seaweeds. As Cai et al. stated that this can be due to the decomposition of relatively reactive compounds and the release of unstable volatile matters during HTC. 42 Activation energy of the second stage increased from 76 to 93 kJ mol −1 for AE-derived hydrochars and from 55 to 74 kJ mol
for FS-derived hydrochars with elevation of HTC temperature. The increase of activation energy in the second stage with elevation of HTC temperature means that the combustion of char becomes harder as the HTC temperature increases due to the increase in the amount of fixed carbon. 42 Also, due to the decrease in the amount of volatiles and the increase in the amount of fixed carbon during HTC at 250°C, a noticeable decrease of weight loss and gradually narrowed temperature intervals were observed in the first stage; the weight loss decreased remarkably to 19.3% and 26.5%, and the intervals shifted to 280-330°C and 250-315°C for AE and FS, respectively. Table 6 lists the ash composition of seaweed-derived hydrochars as determined by X-ray fluorescence spectroscopy (XRF). All hydrochars contain predominately calcium. AE-225 has considerably higher silica content than other hydrochars. On the other hand, hydrochars have reduced alkali and alkaline earth metal content in comparison with seaweeds, except calcium (Table 2 ). Alkali and alkaline earth metals are effective fluxes for alumina-silicates and lower the ash fusion temperature which led to an increase in slagging and fouling tendency of seaweeds. 45 Fouling occurs in the case of partial evaporation of potassium and sodium in combination with chlorine forming alkali chlorides which condense on the surfaces of the heat exchanger. HTC of seaweeds is expected to reduce the slagging and fouling potential of resulting hydrochars due to the efficient removal of alkali metals. Therefore, various slagging and fouling indices of seaweeds and their respective hydrochars were calculated in order to predict the potential of slagging and fouling during combustion based on their mineral composition obtained by XRF analysis and presented in Table 7 . The equations for alkali index (AI), acid base ratio (R b/a ), slagging (Babcock) index (SI), fouling index (FI), and slag viscosity index (SVI) are given as Eqs. 
Ash composition and fouling indices of hydrochars
(2)-(5). 24 AI= Kg(N a 2 O + K 2 O) GJ ,(2)R B/A = %(F e 2 O 3 + CaO + N a 2 O + K 2 O + M gO) %(SiO 2 +Al 2 O 3 + T iO 2 ) ,(3)SI= %(F e 2 O 3 + CaO + N a 2 O + K 2 O + M gO) %(SiO 2 +Al 2 O 3 + T iO 2 ) * % (S) (dry),(4)
F I=
For AI, AI < 0.17 implies safe combustion, 0.17 < AI < 0.34 predicts probable slagging and fouling during combustion, and AI > 0.34 predicts certain slagging and fouling during combustion. In the case of R b/a , risk of slagging is low for a value of < 0.5, while it is high to severe for a value of > 1.0 during biomass combustion. SI values of < 0.6 indicate a low slagging potential, while SI > 0.6 < 2.0 indicate a medium slagging potential, and SI > 2.0 indicate a high slagging potential. For FI, a value of < 0.6 indicates a low fouling potential. 0.6 < FI < 40.0 indicates a medium fouling potential, and FI > 40.0 indicate high fouling potential.
AI of BS-225 and FS-225 indicates safe combustion due to the reduced Na and K contents during HTC, while that of AE-225 predicts probable slagging and fouling due to higher K content remained in hydrochar (Table 7) . It should be noted that AI of hydrochars was reduced in comparison with seaweeds due to the removal of Na and K during HTC, which was partial in the case of AE. However, R b/a of all hydrochars predicts a high risk of slagging during their combustion which is higher for BS-225 and FS-225. Limited removal of Ca and Fe during HTC resulted in their accumulation within the char and resulted in limited decrease of R b/a in other hydrochars is due to the high aluminum, silicon, and titanium content. In comparison with seaweeds, SI values of hydrochars were reduced in the cases of AE and FS and increased in case of BS. SI of AE-225 predicts a much lower slagging formation potential due to lower S content and R b/a value, while that of BS-225 and FS-225 predicts a high slagging formation potential when combusted. BS-225 had the highest slagging index value since it had high S content and high value of R b/a due to the high Ca content and low Si content. FI value predicts high fouling inclination in case of seaweeds, while it predicts medium fouling inclination due to the removal of Na and K during HTC in case of hydrochars.
Conclusions
HTC converted seaweeds into hydrochars with lower ash contents due to the solubility of the inorganics at subcritical water conditions. Hydrochars derived from Fucus serratus had the highest calorific value due to their lower ash content and higher carbon content. Fucus serratus-and Alaria esculenta-derived hydrochars became increasingly similar to lignite with higher process temperature, whereas the hydrochars derived from the mixture of Cystoseria sp. and Laurencia sp. at all temperatures were out of the range of lignite and more similar to peat. FTIR spectra of hydrochars and seaweeds revealed that decomposition of carbohydrates was almost completed during HTC of Fucus serratus at highest temperature, while they were not decomposed effectively for Alaria esculenta and the mixture of Cystoseria sp. and Laurencia sp. The combustion analysis revealed that HTC of seaweeds modified their combustion behavior. The first peaks related with formation and oxidation of volatiles moved towards higher temperatures due to the lower volatile matter contents of hydrochars, while the second peaks related with char oxidation moved towards lower temperatures implying that char oxidation took place easily and faster due to the increased amount of fixed carbon and improved homogeneity in fuel. HTC was found to be promising in reducing the fouling potential of seaweeds from high to medium level in combustion applications.
Experimental
Materials
Two species of seaweeds (Fucus serratus and Alaria esculenta) were collected from the the southwest coast of Ireland, while the mixture of seaweeds, mainly consisting of Cystoseria sp. and Laurencia sp., was collected from Sinop coast in the Black Sea Region of Turkey. All seaweed samples were washed with water, dried in oven at 60°C, and ground and sieved to a particle size of < 0.1 mm.
Hydrothermal carbonization experiments
In a typical hydrothermal carbonization experiment, a mixture of 5 g of seaweed and 20 g of deionized water
(seaweed/water ratio of 25% by weight) were loaded into a 100-mL stainless steel shaking autoclave. The autoclave was then sealed and purged with nitrogen and heated to the process temperature (200-250°C) at a rate of 5°C min −1 . It was held at this temperature for 30 min. At the end of this duration, the reactor was rapidly cooled down to room temperature by immersing the reactor in ice-water. After venting the gaseous products into the atmosphere, the solid residue (hydrochar) was separated from the aqueous phase by filtration.
The aqueous phase was kept in bottles for further analysis. Hydrochar was washed with distilled water (100 mL) and then dried at 105°C for 24 h and weighed.
Feedstock and product characterization
Thermal degradation behaviors of seaweeds and hydrochar samples were investigated by a thermogravimetric analyzer (Perkin Elmer Diamond TG/DTA) under nitrogen atmosphere.
The information on proximate analysis of seaweeds and hydrochars was evaluated from their TGA plots 46 and ultimate analysis was determined by using an elemental analyzer (LECO CHNS 932) according to ASTM D3176-89.
The HHV of the feedstocks and hydrochars was calculated by the following correlation Eq. 
where C is carbon weight percent, H is the hydrogen weight percent, S is the sulfur weight percent, O is oxygen weight percent, N is nitrogen weight percent, and A is the ash weight percent of fuels. 47 Ash composition of hydrochars was determined by XRF spectroscopy.
The protein content of seaweeds was determined using a protein analyzer (INKJEL M) and the lipid content of seaweeds was determined by hexane extraction.
The FTIR analyses of feedstocks and hydrochars were performed using attenuated total reflectance infrared spectrometer (Spectrum 100, PerkinElmer, Waltham, MA, USA). The total organic carbon (TOC) content in the aqueous phase from HTC was determined by a TOC analyzer (HachLange IL550-TOC-TN, HachLange, Loveland, CO, USA).
Combustion characteristics and kinetics
The combustion characteristics of feedstocks and hydrochars were determined by TG/DTA under air atmosphere with a flow rate of 50 mL min −1 and a heating rate of 20°C min −1 . The combustion parameters including ignition temperature, burnout temperature, and combustion reactivity were calculated from TG/DTG plots, as described in the literature.
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Combustion kinetic analysis depended on an integral method using Coats-Redfern equation applied in dynamic analysis of the nonisothermal TG data. The process of combustion was governed by the Arrhenius law as described in Eqs. (7) and (8) below,
where α is the degree of conversion, t is the time, T is the temperature, A is the preexponential factor, E is the activation energy, R is the gas constant, and T is the temperature. f( α) represents the hypothetical model of the reaction mechanism. The degree of conversion, α , is defined as,
where m 0 is the initial mass of the sample, mt the mass of the sample at time t, and m f the final mass of the sample.
For a constant heating rate β (K min −1 ) during combustion, β = dT/dt, Eq. (7) can be written as
Integrating Eq. (10) gives:
where g( α) is the integral function of conversion.
Eq. (11) is integrated using the Coats-Redfern method and becomes
Plotting of ln[g( α)/T 2 ) ] versus 1/T should give a straight line with a high correlation coefficient in the case where correct g( α) is used. 43 E can be determined from the slope -E/R, while A is calculated by taking the temperature where m t = (m 0 + m t )/2 as the intercept term. 
